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Abstract

On unannealed, thermally oxidized silicon, electron spin resonance reveals
an oriented interface defect which is termed the P, center and identified as the
trivalent silicon defect. Deep - level transient spectroscopy (DLTS) reveals two
broad characteristic peaks in the interface - state distribution: one ~0.3 eV above
the silicon valence-band maximum, and a second ~0.25 eV below the
conduction band. Isochronal anneals of oxidized silicon, coated with aluminum,
show that the spin density and the densities of the two DLTS peaks have the
same annealing kinetics. On large - area, Al - gated capacitors the spin density
can be modulated with an applied voltage; sweeping the silicon bandgap at the
interface through the Fermi level reveals that the spin density is approximately
constant over the central region of the bandgap but decreases near the band
edges. The variation of the spin density with gate voltage identifies an
amphoteric center with both electronic transitions in the bandgap. Both the
annealing behavior and the voltage dependence of the P, center support the
conclusion that these transitions correspond to the two characteristic peaks in
the interface - state distribution. The ~0.6 eV separation of the peaks is the
effective correlation energy of the dangling orbital on a trivalent silicon defect at
the Si-SiO, interface. The similarity between the disordered interface and
amorphous silicon and the effects of a correlation energy on deep-level

measurements are discussed.
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INTRODUCTION

Thermal oxidation of single-crystal silicon produces characteristic
electronic defects at the Si-SiO, interface. Electrical measurements on
metal - oxide - silicon (MOS) devices reveal a continuous distribution of interface
states that extends throughout the silicon bandgap. For interfaces obtained by
thermal oxidation without a subsequent anneal, a broad peak in the
interface - state distribution centered ~0.3 eV above the silicon valence - band
maximum (i.e., E,+0.3 eV) has been observed.'-3 Electron spin resonance
(ESR) reveals a paramagnetic defect, designated the P, center, at the interface
which has been identified as a trivalent silicon defect bonded to three silicon
atoms, with the nonbonding orbital aligned along the (111) directions.? A direct
relationship between the above manifestations of interface defects has been
proposed’ -3 based on theoretical studies of the density of states associated with
the trivalent silicon defect.> Modulation of the P, spin signal with an applied
electric field was first demonstrated® by varying the gate voltage on an MOS
capacitor during ESR measurements and subsequently confirmed’ by using the

corona charging method to vary the field.

This report presents a detailed comparison of electrical and
spin - resonance measurements of the P, center and deep electronic levels at
the interface. Results from ESR, capacitance-voltage (C-V) measurement_s, and
deep-level transient spectroscopy (DLTS) are shown to be consistent with an
amphoteric model for the P, center in which the characteristic interface states
correspond to the electronic levels of the dangling orbital on a trivalent silicon
defect. The similarity between the disordered interface and amorphous silicon is
discussed, and the implications of the amphoteric nature of interface défects on

deep-level measurements are examined. In the appendix is presented a critical
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review of the measurement of semiconductor-insulator interface states by

constant-capacitance, deep-level transient spectroscopy (CC-DLTS).
Il. EXPERIMENTAL RESULTS
A. Interface-State Distribution

Results from DLTS measurements of interface states across virtually the
entire silicon bandgap are shown in Fig. 1. Identically processed n-type and
p-type MOS capacitors were used to determine the density of states in the upper
and lower halves, respectively, of the bandgap. The devices were fabricated on
(111) - oriented epitaxial silicon. The oxide was grown in dry O, at 1000°C to a
thickness of 110 nm. Aluminum films were deposited from a flash ~ evaporation
source to form gate electrodes and back (Ohmic) contacts, without introducing
radiation damage into these unannealed test devices. The current - transient
mode of measurement® was used to implement a high emission rate window
(e,=1x10* s-) in order to detect emission from interface states near the band
edges at temperatures down to 30 K. The analysis assumed constant capture
cross sections for electrons (n-type) and holes (p-type) based on previous
measurements on similarly prepared devices.?® Near each band edge a peak is
resolvable from the band tail of interface states; the dashed line segments
indicate the region near midgap where the DLTS majority - carrier analysis is
generally inaccurate as discussed in Ref. 8. In the present.study, no attempt was
made to deconvolve the band tails from the peaks, hence, the band - tail
distributions are only approximate since it is anticipated that their capture cross
sections will differ from those of the peaks. These peaks, which are
characteristic of thermally oxidized silicon, appear at approximately E, +0.3 eV
and E;-0.25 eV and are of equal density within experimental uncertainty; their




separation is ~0.6 eV. Both peaks were removed by annealing in forming gas at

450°C (30 min).

B. Isochronal Anneals

Isochronal anneals were used to evaluate the relative annealing kinetics of

the P, spin center and the characteristic peak at E,, + 0.3 eV in the interface-state
distribution. The samples consisted of epitaxial silicon on (111)-oriented silicon
substrates, with semiconducting n-type epitaxial layers. For electrical
measurements the substrates were degenerately doped for n* conductivity; for
ESR undoped high-resistivity substrates were used to minimize loading of the
microwave cavity. The different silicon wafers were simultaneously processed to
fabricate MOS test structures. A thermal oxide was grown in dry O, at 1000°C to
a thickness of 110 nm, and an Al film, 300-nm thick, was vacuum evaporated
onto the oxide layer. Isochronal anneals of 15 min duration were performed
under vacuum. The specimens were annealed in pairs, with one sample for C-V
measurements and the other for ESR. The density of the E, + 0.3 eV peak was
determined on the n-type capacitors by the quasi-static (i.e., high - low) CV
technique.'® For spin - density measurements, the Al film was removed before

ESR in order to minimize cavity loading.

In Fig. 2 the characteristic peak density and the P, spin density, both
normalized to their maximum (unannealed) values, are plotted together for the
series of isochronal anneals. A maximum spin density of ~1.5x10'2 cm-2 was
determined by numerically integrating the ESR signal from a stack of samples
and comparing with a weak pitch standard.® The maximum density of interface
states at the E,, + 0.3 eV peak was ~1.6x10'3 eV-'cm-2 These results reveal that
the P, center and the characteristic deep levels anneal identically. A check of
the annealing behavior of the E,+0.3 eV peak on p-type MOS capacitors




yielded similar results. In addition, the E; ~0.25 eV peak anneals similarly to the
lower peak and spin center, although this was more difficult to establish due to
its close proximity to a large residual conduction band tail. An essential factor in
achieving a meaningful correlation between these two manifestations of interface
defects is the identical chemical and thermal treatments which the different
specimens received in preparation for the measurements. This is consistent with
the generally held view that annealing with aluminum involves
process—-dependent residual water in the oxide and/or at the oxide-metal
interface.® The simultaneous processing of the different wafers in the present

study insured that this factor had an identical influence on all of the specimens.
C. Electric-Field Modulation of the P, Spin Density

Large - area, Al-gated MOS capacitors were used to electric -field
modulate the P, spin density during ESR measurements. Czochralski - grown,
p-type (30 € cm), (111)~oriented silicon wafers were oxidized in dry O, at
1000°C. A high dose of boron was implanted into the back side of the wafers
and activated during oxidation to provide a p* layer for Ohmic contact after
metallization. Capacitors with an Al-gate area of 0.6 cm? displayed negligible
leakage under strong accumulation and inversion biases, and the flatband
voltage was approximately -12 V. For ESR measurements, the back metal and
underlying p* layer were selectively etched to define a small bonding pad which

minimally loaded the microwave cavity.

The dependence of the P, spin signal on gate voltage is shown in Fig. 3.
Each point is the relative peak-to-peak amplitude of the P, (derivative)
absorption spectrum which was recorded at a nonsaturating microwave power
and averaged over ten or more scans. In addition, the relative amplitudes have

been corrected for any small background signal by subtracting the signal from




the same sample after a 300°C anneal. The P, spin signal decreases for either
high negative or positive gate voltages which coincidentally correspond to strong
accumulation and inversion, respectively, of the MOS capacitor. The signal is
featureless within experimental error for gate voltages bectween the onset of
strong accumulation and inversion, that is, for gate voltages roughly in the range
from -20 to O volts. This range corresponds to the Fermi level intersecting the
interface over the central region of the silicon bandgap. For a given gate voitage
this intersection occurs over a distribution of energies due to surface potential
fluctuations,'® the standard deviation of which is largest in depletion and
estimated to be < 0.14 eV. The dependence of the ESR signal on V, nearly
mirrors the electric - field induced free-carrier concentration at the interface, so
rapid relaxation of interface states by free carriers can (and does) occur which
could cause an apparent loss of signal through line broadening. "However,
voltage invariance of the line shape and saturation measurements of the
spin - lattice relaxation time demonstrated that the relaxation rates were too low.
The reduction in signal amplitude is thus due to a change in defect occupancy

induced by the change in surface potential.

The declines of the spin density at each end of the voltage range identify an
amphoteric defect center. At high negative voltages, the Fermi level intersects
the interface near the silicon valence - band maximum, and the center is
diamagnetic; in the intermediate voltage range, the center contains an unpaired
electron and yields an ESR signal; for positive gate voltages, the Fermi level
approaches the conduction band, and the center acquires a second electron
which pairs with the first to again produce a diamagnetic site. Similar results
have been obtained on n-type MOS capacitors, where it was also determined

that the maximum spin density on a metallized capacitor is the same as that




measured with the electrodes removed; that is, in the absens=z of an applied

voltage, the Fermi level is pinned by the defect states.
. AMPHOTERIC DEFECT MODEL

There are striking similarities between the Si-SiO, interface and
hydrogenated amorphous silicon, a-Si:H. The density of gap states in a-Si:H,
shown schematically in Fig. 4, is composed of band tails of localized states
(strained bonds) and a single dominant electrically active defect, the trivalent
silicon atom, which has two levels in the mobility gap.''-'* These levels
correspond to single and double electron occupancy of the dangling orbital and
are separated by an effective correlation energy U, = 0.4 V.35 The effective
correlation energy is the difference between the energies required to add an
electron to a singly occupied orbital and to an unoccupied site; it is the sum of
two terms, a Coulombic repulsion and a compensating lattice relaxation energy.
The electron occupancy of the orbital varies with the Fermi energy as described

in Sect. Il.C, with the singly occupied orbital charge neutral.

The amphoteric defect model for a-SiH is directly applicable to the P,
center at the Si-SiO, interface, which has also been identified as a trivalent
silicon defect.*'" The amphoteric nature of the center is demonstrated in Fig. 3,
which also establishes that both electronic transitions of the center are in the
silicon bandgap. Correlating the P, center with the characteristic DLTS peaks
(Figs. 1 and 2) supports the assignments of the 0—1 electron transition of the
amphoteric center to the E, + 0.3 eV peak and the 1—2 electron transition to the
E.-0.25 eV peak. Then the ~0.6 eV separation of the peaks corresponds to the
effective correlation energy of the trivalent silicon defect at the Si-SiO,
interface.’® In comparison with a - Si:H, the larger correlation energy for a Si

dangling orbital at the Si - SiO, interface primarily reflects the reduced dielectric

e,




screening of the Coulombic repuision between paired electrons which is due to
the protrusion of the orbital into a half space of SiO,. A further contribution to
this increase may come from the smaller lattice relaxation permitted by crystalline
back bonds as compared to that determined by the matrix of lower average
coordination in a- Si:H. In summary, the interfacial deep levels characteristic of
thermally oxidized silicon correspond to the electronic transitions of the trivalent

silicon defect at the Si-SiO, interface.
IV. CORRELATION EFFECTS IN DEEP-LEVEL MEASUREMENTS

The results presented in Sect. Il and the model discussed in the last
section introduce a new concept into the study of interface states, namely, the
effect of electron-electron correlation on the measurement of interface-state
distributions. Correlation energies have been determined for the bulk gap
states in amorphous silicon''5 and amorphous germanium,'” and correlation
effects have been theoretically discussed with regard to field-effect

measurements on amorphous’ semiconductors. 8

In the present study a simple model was formulated and analyzed in order
to examine the effect of a correlation energy on the measurement of
interface-state distributions by charge transient spectroscopy. The results
presented in Sect. Il suggest that the P, center possesses two transition levels
in the silicon bandgap: the 0—1 electron transition at E, + 0.3 eV and the 12
electron transition at E. - 0.25 eV, with an effective correlation energy U, =< 0.6
eV. In terms of hole occupancy, the total areal densities of P, centers which
are occupied with no holes, one hole, and two holes will be designated P, P,,

and P, respectively. Then the closure relation for defect occupancy is

Ng =Py + P, + P,, (1)




where Ny is the total areal density of P, centers. The singly occupied center is
charge neutral, and the unoccupied (P,) and doubly occupied (P,) centers are
negatively and positively charged, respectively. The analysis of the transient
response of an MOS capacitor with such amphoteric interface states follows

that presented in Ref. 8 (see the appendix) for interface-state distributions

arising from uncoupled defect levels. Here, the equations are derived for

time-resolved transient-current and transient-voltage spectroscopies®'® and

for CC-DLTS.®

The interface-state distribution in Fig. 1 suggests that each charge
transition of the P, centers can occur with a distribution of energies. It is
physically plausible and consistent with these results to assume that the
transitions are Gaussian distributions, with peaks at energies E, and E, above
the silicon valence-band maximum which are separated by a fixed correlation
energy U, i.e., E,-E,=U, Then the two charge-transition distributions may

be expressed as

N(E) = [Ng/(05v2m)] exp[ - (E-E)2/(20,3)], i=1,2, (2)

where o is the standard deviation of the Gaussian distributions. The
deep-level continuum analysis of Ref. 8 is applicable for o5 > kT, the
distributions in Fig. 1 indicate a o5 = 120 meV. It should be noted that the
Gaussian distributions only provide a focus for discussion; the results to be j
derived below do not depend on the specific functional form of the

interface-state continuum.

At time t =0* after a voltage pulse which saturates the interface states
with holes (on a p-type MOS capacitor), all of the centers are doubly occupied ‘.

with holes. The first of these paired holes is emitted with an emission

|




coefticient

€y = TppVpNye &/, @)

where g, is the capture cross section for the 1—2 hole transition, v, is the
thermal velocity of free holes, N, is the effective density of states in the valence
band, k is Boltzmann’s constant, and T is the absolute temperature. The

emission coefficient for the second hole is
€p, = Op,VpN, e F/KT, (4)

where g, is the capture cross section for the 0—1 hole transition. Spin
degeneracy factors which also appear in the emission coefficients have been
combined with the capture cross sections in this formulation. The first-order

rate equations for hole emission from these coupled levels are

Op,(E,1)/0t = —e,,(E) p,(E.D), (5)
3p,(E1)/0t = e, (E - Uy) p(E - Uyt) —e,,(E) p,(ELt), (6)
Ip,(E.t)/0t = e, (E) p,(E,D), )

where p,, p,, and p, are the densities (per unit energy per unit area) of P,
centers containing two, one, and no holes, respectively. This formulation
specifically assumes that there is no direct charge exchange between P,
centers, which appears justified given their mean separation of ~10 nm and the
high degree of localization of the trapped charge on the deep-level defect.
The initial conditions for the rate equations are p,(E,0) = N,(E) and p,(E,0) =
Po(E,0) = 0. The solutions to Egs. (5) and (6) are

pz(Eot) = Ng(E) exp[ - epg(E) t]l (8)

p1(E!t) = F‘o N2(E = Uo) {exp[ = ep1(E) t] - exp[ = epz(E - Uo) t]}s (9)

10
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‘ where
R, = ep,(E-Uy)/[ep,(E-U,) -e, (E)]

= [1 = (0p,/0p,) €XP( - Uy/KT)] - . (10)

It will be assumed that the capture cross sections are independent of energy so
that R, is also a constant. The expression for p,(E,t) may be obtained from

closure but is not needed for the analysis below.

The transient response of the capacitor depends on the change of charge

in interface states with time. The net charge in interface states at time t is
Q,(t) = q[P,(t) - Py(t)]. (11)

In transient-current spectroscopy the current density at time t after a

trap-filling voltage pulse, j(t), depends on the interface charge as follows:8
o) = (0 - C/C,)) dQ,/at, (12)

where C . is the high-frequency capacitance for a given gate voltage V, and
C,, is the oxide capacitance (in the following discussion. both capacitances are
per unit area). Similarly, in time-resolved transient voltage spectroscopy, the
derivative of the gate voltage varies with interface charge as follows:®

-1
dvy/dt = C , dQ,/dt (13)

Finally, for CC-DLTS the expression is®

AVg = Cg, [Qt) - Qty)) (14)

where t, and t, are two specified delay times after the voltage pulse. From




—

Eq. (1) the time rate of change of interface charge appearing in Egs. (12) and
(13) is
dQ,/dt = q(2dP,/dt + dP, /dt), (15)

and similarly the charge difference factor in Eq. (14) may be expressed as
Q(ft) - Q) = AQ, = q{2[P,t) - P,t,)]
+ [P(t) - P, ()] (16)

To complete the formulation for the several charge-transient spectroscopies,
the distributions of occupied centers p(E,t) are formally related to the
integrated densities P,(t) as follows:
Ec
P(t) = f p(EN)E,i = 1, 2. (17)
Ey
The above formulation thus specifies the time evolution of charge in

amphoteric interface states after complete interface trap filling.

In terms of the charge-transition distributions N(E), Eqgs. (15) and (16)
yield,

dQ./dt = q{- (2-Ry) NAE,,*) - RN(E,.,*)] kT/t, (18)
and
AQ“ = q[(2-R0) N2(Em2) + R0N1(Em1)] kT In(tz/!,), (19)

respectively, where

E,’ = KT In(o,vpN, t/8,.*), (20)
and
E.. = KT In{o, VN, 1,/8,), (21)
with i = 1, 2. Numerical values of B8,* and B, are given in Ref. 8.
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The uniqueness of amphoteric centers as compared to uncoupled levels
may be illustrated by considering the time dependences of the integrated
densities of the two charge-transition levels. For uncoupled distributions both
P, and P, decrease monotonically with time, under emission dominated
kinetics. However, for the amphoteric centers the initial conditions are
P,(0)=Ng and P,(0)=P,(0)=0, and as t—00 the densities are P,—0, P,—0,
and P,—>Ng. Thus the integrated density of singly occupied P, centers, P (t),
passes through a maximum at some non-zero finite time t,, . which depends

on the distribution parameters as follows:

tor max = [B,.*7(veN,V 0,,0,,)] exp[(E, + E,)/(2kT)]. (22)
The interface trap emission energies at this time are

Eri* oy mad = KT/2) In(0,/0,) + (E, + E)/2, (23)

mi P1,max

with i, j = 1, 2 and i = j.

An experiment which directly detects P, could demonstrate the
amphoteric nature of the center through its unique time dependence. For
example, the ESR signal due to unpaired electrons in P, centers is a direct
measure of P,. If the spin signal could be time resolved with adequate signal to
noise, it would directly yield the time dependence of P, for comparison with the
model prediction. Such an experiment appears to present practical difficulties
but cannot be ruled out. However, the parameters for the P, center suggested
in Sects. Il and lll, particularly the large effective correlation energy, predict
that either the time regime or the temperature would have to be changed to

time resolve each of the two transitions, as further discussed below.

As evident from Egs. (12)-(14), (18), and (19), the existence of

amphoteric defects can alter the analysis of DLTS measurements of interface

13
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states from that based on uncoupled levels. However, the parameters

14

suggested for the P, center in Sects. Il and Ill permit a revealing simplification.

The large effective correlation energy (U,=~=0.6 eV) and the low temperatures of i
the DLTS measurement (<300 K) yield U >>>kT so that R,—1 and Eq. (18)

becomes

dQ,/dt = - q[N,(E,,*) + N,(E_,*)] kT/t. (24)

A similar expression follows from Eq. (19) for AQ,. In addition, due to the
small amount of overlap of the two transition distributions (i.e., for U >>a) it
follows that in the temperature-time regime in which the first transition appears

in the range of the rate window of the spectrometer (e.g., E_,*=<0.3 eV for the

2—1 hole transition in p-type MOS devices) the relative densities of the levels

are NLE_,*)>>N,(E_,*) and Eq. (24) simplifies to
dQ./dt = - aN,(E ,*) kT/t. (25)

Only near midgap are the densities comparable so that Eq. (24) becomes a
more accurate description of the transient response; however, near midgap

other complications arise as discussed in Ref. 8.

Equations (24) and (25) are identical to the expressions which would
rigorously apply if the two peaks in the interface-state distribution (Fig. 1) arose i
from uncoupled levels. Thus it is demonstrated that due to the large effective
correlation energy of the P, center and the close proximity of each transition
level to a band edge, the DLTS signal is dominated by only a single charge ,
transition (i.e., the E, + 0.3 eV peak in p-type MOS capacitors and the E; - 0.25 ]
eV peak in n-type devices) so that Eq. (25), or equivalently the analysis of »

Ref. 8 which assumes uncoupled levels, is an accurate approximation and

produces a self-consistent interface-state distribution (Fig. 1).
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

FIGURE CAPTIONS

Interface~state distribution measured by transient current spectroscopy
on thermally oxidized, unannealed, (111)-oriented silicon. The
distribution is a composite of measurements on identically processed
n-type and p - type MOS capacitors. The energies E, and E_ identify
the silicon valence - band maximum and conduction-band minimum,

respectively.

Comparison of isochronal anneals of the P, spin density and the
density of the E, +0.3 eV peak in the interface-state distribution on
(111)-oriented, n-type silicon. The specimens were coated with
aluminum and annealed in vacuum for 15 min. The circles are the
characteristic peak densities, and the squares are the spin densities.

Both densities are normalized to the maximum (unannealed) values.

Dependence of the P, spin density, S, normalized to the maximum

density S .., on applied gate voltage V in a large-area MOS capacitor.

max’
The data are a compilation of measurements from four identically
prepared capacitors, and each datum is the peak - to - peak amplitude
of the P, (derivative) absorption spectrum averaged over ten or more

scans and corrected for any background signal.

Schematic energy-band diagram for the density of gap states in

hydrogenated amorphous silicon.
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APPENDIX:

MEASUREMENT OF SEMICONDUCTOR-INSULATOR
INTERFACE STATES BY CONSTANT-CAPACITANCE,
DEEP-LEVEL TRANSIENT SPECTROSCOPY




Measurement of semiconductor-insulator interface states by constant-
capacitance, deep-level transient spectroscopy
N. M. Johnson

Xerox Palo Alto Research Center. Palo Alto, California 94304
{Received 27 October 1981; accepted 14 April 1982)

: Localized electronic states at the semiconductor-insulator interface adversely affect the
i operation of insulated-gate, field-effect devices. Characterization of interface states provides
essential information for minimizing their effect through process optimization, for predicting
device performance, and ultimately for microscopic identification of interface defects. This paper
reviews the application of deep-level transient spectroscopy (DLTS) for characterizing interface
states on metal-insulator-semiconductor capacitors, with emphasis on the constant-capacitance
{CC) mode of measurement. The DLTS measurement yields both the energy distribution of
interface states and their cross section for capturing free carriers. In addition, it has the versatility
of being applicable to both interface and bulk defect characterization. The CC-DLTS technique
offers the combined features of high sensitivity (< 1x10° eV~ 'cm™7), minimum signal
distortion at high defect densities, high energy resolution, and the determination of dynamic
properties. After a description of the measurement system and experimental procedures, the
theoretical basis is developed for data reduction of majority-carrier-dominated transients for the
following cases: (1) under saturating-pulse conditions and (2) with Fermi-level controlled trap
occupancy. Under the first topic is included a summary of transient-current spectroscopy, and the
second is illustrated with the energy-resolved DLTS technique. The presentation includes an
analysis of the effect of surface generation on the DLTS measurement of interface states near the
semiconductor midgap and an analysis of the limits of applicability of the transient-capacitance
mode for DLTS measurement of interface states. The techniques are illustrated with
measurements of electronic defect levels at the Si-SiO, interface.

PACS numbers: 73.40.Qv, 71.55. —i

surements of interface states with small-signal capacitance
and conductance techniques (in the frequency domain) have
been comprehensively reviewed™" and are not discussed

1. INTRODUCTION

Localized electronic states at the semiconductor-insujator

interface adversely affect the operation of insulated-gate,
field-effect devices. Measurement of interface states pro-
vides essential information for minimizing their effect
through process optimization and for predicting device per-
formance; and combining electrical characterization with
other physical measurements (e.g., electron spin resonance)
may also permit microscopic identification of electronic de-
fects at interfaces. This paper describes the application of
deep-level transient spectroscopy (DLTS) for characterizing
interface states, with emphasis on the constant-capacitance
(CC) mode of measurement. For this application, constant-
capacitance DLTS features high sensitivity for interface-de-
fect detection, minimum signal distortion at high defect den-
sities, high energy resolution, and the determination of
dynamic properties.'? In addition, it is a versatile experi-
mental technique being applicable to both interface and bulk
defect characterization.

The bas.c materials configuration for insulaced-gate, field-
effect devices and interface evaluation is the metal-insula-
tor-semiconductor (MIS) structure; when the insulator is an
oxide, the structure is commonly designated MOS. The
physical principles and operation of MIS devices have been
thoroughly discussed in the literature.’” Similarly, mea-

here.

Deep-level transient spectroscopy is a large-signal time-
domain technique developed by Lang’ to characterize bulk
deep levels in crystalline semiconductors. In its conventional
form the time-varying capacitance of a p-n junction or
Schottky-barrier diode is used to detect capture and emis-
sion of charge carriers at bulk deep levels." The MIS struc-
ture has also been used for bulk-defect characterization.”

Interface states constitute a unique form of defect in crys-
talline semiconductors. In bulk singie-crystal semiconduc-
tors, deep levels appear at discrete energies and are spatially
distributed. At the interface between a crystalline semicon-
ductor and an amorphous insulator, deep levels are continu-
ously distributed in energy and spatially localized. The ap-
plication of conventional transient-capacitance DLTS for
interface-state measurements, on field-effect transistors and
MIS capacitors, has recently been reviewed.'" In addition,
current transients have been used in deep-level spectroscopy
for interface-state characterization.'":'* In this paper fea-
tures of both iechniques are discussed in relation to CC-
DI.TS.

The qualitative features of the DLTS measurement of in-
terface states are illustrated in Fig. 1 with energy-band dia-
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F1G. 1. Energy-band diagrams for an MIS device on an n-type semiconduc-
tor for {a) pulsed accumulation bias and (b} nonequilibrium depletion bias.

grams for an MIS structure on an n-type semiconductor.
The experimental procedure involves the application of a
gate voltage which consists of the superposition of a dc value,
used to bias the device in depletion, and periodic voltage
pulses. The gate voltage is pulsed to drive the device into
accumulation in order to populate interface states with elec-
trons (majority carriers), as shown in Fig. 1(a). After a trap-
filling pulse with the gate voltage returned to the depletion
value, the interface states possess a nonequilibrium distribu-
tion of trapped charge which relaxes by thermal emission of
electrons to the conduction band, as depicted in Fig. i(b).
The DLTS measurement consists of monitoring the inter-
face-trap emission rate over a range of temperatures. From
the analysis can be deduced the interface-state distribution
in the semiconductor bandgap and the cross section of inter-
face states for capturing free carriers.

This paper reviews the experimental and analytical proce-
dures for the application of constant-capacitance DLTS for
inte-face-state measurement. The discussion focuses on the
two-terminal MIS capacitor because it requires minimum
fabrication and therefore offers maximum flexibility for in-
terface materials studies. After a description of the measure-
ment system and procedures, a unified analysis of the key
experimental methods is presented with more detail than

J. Vac. Sci. Technol., Vol. 21, No. 2, July/Aug. 1982

previously reported. The presentation includes an analysis of
the effect of surface generation on the DLTS measurement
of interface states near the middle of the semiconductor for-
bidden energy band. Also presented is an analysis of the lim-
its of applicability of the transient-capacitance mode for in-
terface-state measurement. In Sec. Il are described the
experimental techniques for CC-DLTS measurements. The
theoretical basis for data reduction is developed in Sec. 111
with analyses of (1) majority-carrier emission after complete
interface-trap filling, (2) emission after partial trap filling,
and (3) the effect of minority-carrier emission and capture
processes on the measurement of interface states near the
semiconductor midgap. The first topic includes a discussion
of transient-current spectroscopy for comparison with CC-
DLTS. Under the second is discussed the use of the Fermi
level to control trap occupancy, which is illustrated with the
energy-resolved DLTS technique. In the third topic is pre-
sented an analysis of the effect of surface generation on the
DLTS measurement of interface states near midgap. The
techniques and analyses are illustrated with measurements
of electronic defect levels at the Si-SiO, interface. In the
appendix an analysis of transient-capacitance DLTS is pre-
sented and used to evaluate the limits of applicability of this
mode for interface-state measurement.

Il. EXPERIMENTAL TECHNIQUES

A block diagram of the apparatus for constant-capaci-
tance DLTS is shown in Fig. 2. The measurement system is
based on the transient-capacitance system proposed by
Lang’ and consists of a capacitance bridge with fast transient
response, a pulse generator for rapidly changing sample bias,
a dual-gated signal integrator for monitoring and signal

RF
Muxer Filter
Pre Amp
{PAR 113) DC Buas
Var. Phase Summing Ampiifier
Shifter Amplitier (PAR 115}
T
} Boxcar Avg &
]
Oscilloscope ¢ Data Acquisition
e
Sample &
(3 4 Var. Temp. L)
| Cryostat
. Var. Phase Vanable .
Shefter Attenuator
RF
Oscillator Putse
(30 MH2) Generator

Fi1G. 2. Block diagram of apparatus for constant-capacitance, deep-level
transient spectroscopy
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averaging the transient response, and a variable-temperature
cryostat in which the device is mounted. For the constant-
capacitance mode of measurement, the basic system has
been expanded to include feedback circuitry which main-
tains the capacitance of an MIS device at a constant value by
dynamically varying the gate voltage. In the transient-ca-
pacitance mode, the bridge is balanced for a given dc deple-
tion bias, and the capacitance transient is monitored at the
output of the preamplifier (PAR 113). For constant-capaci-
tance measurements, this signal is sent to a summing ampli-
fier to provide an applied voltage consisting of the algebraic
sum of the dc depletion bias and the time-varying voltage
required to maintain the capacitance at the depletion value.
In this form of operation, the branch of the bridge in parallel
with the test device, which consists of the series-connected,
variable-phase shifter and variable attenuator, in effect pro-
vides the reference signal for the feedback circuit. Successful
operation of the feedback system requires proper choice of
signal polarity for negative feedback and adjustment of gain
and bandwidth for stable operation. A computer-controlled
automated system for transient-capacitance and constant-
capacitance DLTS has been described,'* and the constant-
capacitance mode of measurement can be readily imple-
mented on DLTS systems utilizing commercial capacitance
meters.

The voltage transient response is schematically illustrated
in Fig. 3 with a hf capacitance-voltage characteristic for an
MIS capacitor on an n-type semiconductor. The device is
initially biased in depletion to establish a depletion capaci-
tance C, at gate bias V... A voltage pulse V. drives the
capacitor into accumulation during which interface states
are populated with electrons. After the pulse the depletion

Return to

|
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F16. 3. High-frequency capacitance-voltage characteristic for an MIS ca-
pacitor on an n-type semiconductor. The insert schematically ilustrates the
relaxation of the gate voltage toward *he depletion bias ¥, after a voltage
pulse V. into accumulation during a CC- DLTS measurement.
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Fit 4. Schematic diagrams of the capacitance and gate-voltage waveforms
in a CC-DLTS measurements on MIS capacitors

bias 1s servoed to maintain C,,, constant as the interface-state
populanion returns to the equilibrium distribution corre-
sponding to V.

The capacitance and voltage waveforms are schematically
represented 1n Fig. 4. After a pulse into accumulation, the
capacitance is held constant by dynamically varying the gate
voltage as the charge in interface states relaxes to equilibri-
um. The CC-DLTS signal 4F, is obtained by forming the
difference of the gate voltages measured at two delay times ¢,
and ¢, after a charging pulse. With the system in Fig. 2 this is
readily achieved by periodically pulsing the gate voltage and
monitoring the transient response after each pulse with the
boxcar averager, which is equipped for dual-gated signal in-
tegration and hence also provides good noise discrimination
by time averaging. The signal is recorded in a temperature
scan to form a trap-emission spectrum.

. ANALYSIS

Charge relaxation in interface states, after a gate-voltage
pulse from depletion to accumulation, contributes to the
transient response of an MIS device which can be experi-
mentally observed with the techniques described in the pre-
vious section. In the analysis presented here it is assumed
that emission and capture processes at the interface domi-
nate the transient response. Data analysis yields the distribu-
tion in energy of the interface states and their cross section
for capturing free carriers. The semiconductor-insulator in-
terface is considered to be essentially abrupt and to possess a
continuous distribution of electronic energy levels in the se-
miconductor bandgap. The defect density is assumed to be
sufficiently low (i.e., < 10'*cm °) that the Fermi level is not
pinned at the interface. There is no charge injection and trap-
ping in the insulator, and there are no deep levels in the bulk
of the semiconductor; this fatter assumption is discussed in
Sec. IV. The conditions of the model are. in general, welt
satisfied in MIS devices consisting of a silicon-dioxide layer
on single-crystal silicon. In addition, lateral inhomogene-
ities, which give rise to fluctuations in the semiconductor
surface potential, can be ignored for majority-carrier emis-
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sion after complete trapping filling; this is further discussed
in Sec. IV.

A. CC-DLTS signal

The CC-DLTS signal is linearly dependent on the differ-
ence in net charge in interface states at the two delay times 7,
and ¢, after a charging pulse. From Fig. 4 the CC-DLTS
signal is formed as follows:

AV, =V} — Vi) (1

The linear dependence on interface charge is readily shown
by examining the high-frequency capacitance of an MIS de-
vice. For a depletion bias, the high-frequency device capaci-
tance C,, is the series combination of the insulator capaci-
tance C, and the semiconductor depletion capacitance C,),
with C,, held constant during the trap-emission transient
response

C,i = C C,/(C, + Cp) = constant. 121

Since the insulator capacitance is independent of bias, it fol-
lows that the depletion capacitance remains constant during
the transient response. The applied gate bias may be ex-
pressed as an effective voltage ¥V ; consisting of the sum of
the potential difference across the insulator ¥, and the semi-
conductor surface potential ¢,

V=V +4¢,. (3)

This expression specifically neglects the metal-semiconduc-
tor work function difference and space charge in the insula-
tor. From Gauss’ law, V, depends on the net charge in inter-
face states Q,, and charge in the semiconductor depletion
layer Q, as follows:

V.= - AQ +Q./C, (4)

where A is the gate area and the charge densities are per unit
area. With the depletion capacitance held constant during
the transient response, the semiconductor charge density
and surface potential also remain constant. Then, from Eq.
(3) the change in gate voltage required for constant C, ap-
pears only across the insulator. Hence, from Egs. (1), (3), and
4)

4V =(4/C)[Q.1) ~ Q.lti)]. (3)
Thus, the linear dependence obtains for all interface trap
densities, and the proportionality factor in Eq. (5) is simply
the inverse of the insulator capacitance per unit area. It is
therefore a fixed parameter for a given insulating layer. In
contrast, with transient-capacitance measurements of inter-
face states on MIS devices, the proportionality factor is a
function of both materials and device parameters and, in
general, varies with temperature. Since the DLTS emission
spectrum is recorded in a temperature scan, this can intro-
duce significant distortion. In the appendix this proportion-
ality factor is derived, and the limits of applicability of the
transient-capacitance mode for interface-state measurement
is evaluated.

8. Complete trap filling

The extreme nonequilibrium condition for monitoring the
transient response of an MIS capacitor is achieved by totally
populating the interface states with majority carriers by the
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end of the voltage pulse. With the capacitor in thermal equi-
librium and biased in depletion, the Fermi level at the inter-
face intersects the semiconductor bandgap near midgap.
When the device is pulsed into strong accumulation, the in-
terface states are readily populated with majonity carriers
essentially to the majonty carner band edge. For electronsin
an n-type semiconductor, the capture coefficient is

¢, = gt,n, 16}
where o, is the capture cross section for electrons, ¢, ts the
mean thermal velocity for electrons, and n, 15 the free carner
ielectron) concentration at the semiconductor-nsulator in-
terface. In general, n, decreases with ume duning the charg-
ing pulse,' however this effect is not significcant for com-
plete trap filing. In strong accumulation n, approaches
degenerate concentrations which correspond to the Fermi
level intersecting the interface near the conduction band
minimum. For a silicon MOS capacitor pulsed into strong
accumulation, such that n, ~ 10" ¢m ', and interface states
witho, = 10 ' c¢m”,the capture ume 11/¢, 1 1s of the order
of 10 ''s. Thus, complete trap filing, which produces a
saturated CC-DLTS signal at all temperatures, 1s readily
achieved with commonly used pulse widths of a microse-
cond or more.

C. Majority-carrier emission

After the voltage pulse, electrons are emitted from inter-
face states to the conduction band as the charge distribution
relaxes toward the equilibrium distribution corresponding
to the given depletion bias. With n,_(E,r ) defined as the den-
sity of electrons trapped in interface states at energy £ below
the semiconductor conduction-band mimimum and at time ¢
after the voltage pulse, the rate of emission is

d"ls/dl = - e,,”“‘E.’ )v |7‘

where e, is the electron emission coefficient which from con-
siderations of detailed balance may be expressed as

e, =o,t,N /8. lexp| — E/IkT)}. {8)

Here, N is the effective density of states in the semiconduc-
tor conduction band, & is Boltzmann’s constant, and T is the
absolute temperature. Without detailed knowledge of the in-
terface states in a given material, it is generally necessary to
assume a value of unity for the spin degeneracy factor g,,.
With the interface states completely occupied with electrons
att =0, Eq.(7)yieldsn, = N, (E Jexp( — e,?), where N (E )
is the interface-state density at energy E. The transient re-
sponse of an MIS capacitor during majority-carrier emission
is evaluated for constant-capacitance conditions in the fol-
lowing subsection (I11 C 1) and for transient-current spec-
troscopy in Sec. 111 C 2. The transient-capacitance mode of
measurement is analyzed in the appendix.

1.CC-DLTS
From Egq. (S), the dependence of the CC-DLTS signal on
electron emission from a continuous distribution of interface
states is given by
4 V(: = (A /C:) qN.JE)[c"P‘ - en'l) - Cxp‘ - en'!']dE-
9
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where ¢ 1s electronic charge and the integration is over the
interval of the semiconductor bandgap in which majonty-
carrier emission dominates the relaxation process.

To obtain an expression for 3 ¥, which 1s useful for data
reduction requires examination of the integrand in Eq.(9)
and an additional assumption. The exponential terms in the
bracketed portion of the integrand form a function, termed
here the trap-emission distribution, which is shown in Fig. 5
for commonly used ratios of the delay times. The distribu-
tion is peaked at an emission rate e, given by

ey==(t, — 1)) " nity/1y) {10}
which from Eq. (8) corresponds to an energy
E,=kTlnio,v,Nc/e,). (n

For a capture cross section which is independent of energy,
the trap-emission distribution plotted versus the dimension-
less variable (E — E)kT as in Fig. 5 depends only on the
ratiot,/t,. This may be shown analytically with Egs. (8), (10),
and {11).% The distribution has a full width at half maximum
of ~2.5kT. If the interface-state density varies slowly over
this interval, it may be treated as a constant and taken out-
side the integral to yield an effective energy interval AE,
defined as follows:

AE"—;J‘ . [expl — e,t)) — expl — e, 1.} |dE. (12)

If the interface-state density varies linearly with energy over
the interval 4E,, then the density is evaluated at the mean
energy E,, of the trap-emission distribution'*; this is to be
contrasted with the case of discrete energy levels in which
trap parameters are determined at the peak energy E,.” In
Fig. 5 the mean energy is marked on each trap-emission dis-
tribution and specified in the insert in units of K T relative 10
E,,. Alsolisted are values for the proportionality constant 3,
relating the mean emission rate coefficient ¢,,, to the delay
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time 1, for fixed values of 1,/1,; that is, B,, =(e., 1,)], ... - These
values apply for energy-independent capture cross sections.
The difference between £, and E,, is less than &7 and is
generally neglected being less than the energy resolution of
the measurement. Both ¢, and e,, depend only on the speci-
fied delay times of the spectrometer; either can be used to
specify an emission rate window.

With the assumption that N, varies linearly with energy
over the interval AE, , Eq. (9) becomes

4av, =14 /C, DQN,JE,,, )AE,,. {13)

If the capture cross section is independent of energy. the
effective energy interval is

AE, = kT In(t./t). (14)

Thus, the CC-DLTS signal arises from the emission of ma-
jority carriers from interface states in an energy interval 3F,
which is situated at energy E,, from the majority-carrier
band edge. For a constant capture cross section, both £,
and AF, increase linearly with temperature. For given delay
times the energy resolution is therefore greatest at low tem-
peratures where the sampled energy interval is closest to the
conduction band and the interface-state density generally
varies most rapidly (e.g., band-tail states). The larger energy
interval at high temperatures provides enhanced sensitivity
for detecting low densities of interface states which are often
found near midgap. Densities < 1 ¥ 10”eV 'cm 7 are rea-
dily measurable (e.g., see Sec. IV and Ref. 1).

A useful extension of the above analysis is to the case
where the capture cross section varies with energy. For ex-
ample, there 1s evidence that the cross section for electron
capture at the Si-Si0, interface increases exponentially with
trap depth near the silicon conduction band to a constant
value over the central region of the silicon bandgap.'™" The
effect of such an energy dependence on DLTS emission spec-
tra has been considered in computer simulations'* and can
be evaluated analytically. For a capture cross section which
variesaso, (E) = o, explE /E ), the eflfective energy interval
is

AE, (o,) = |kT'Init,/t)1/7(V — kT /E ), (1154

where u, and £, are constants. More generally, for an ener-
gy-dependent capture cross section the effective energy in-
terval is given by'*

Ak (o,
= [kT'Init,/1))/}1 - kT |dIno (EV/dE ] , ,mi.(lbl

The expression for 4V, in Eq. (13) remains applicable if the
interface-state density can be assumed to vary hinearly over
the broader energy interval given by Eq. 115} as compared to
Eq.(14). Thus, from Egs. (14) and {15} as 0, varies from an
exponential dependence on energy near the silicon conduc-
tion band to a constant over the central region of the band-
gap. the effective energy interval for interface-state detection
increases first superlinearly and then with a linear depen-
dence on temperature. The effect can be to introduce an
emission peak at low temperatures in a DLTS spectrum,
which, with the assumption of a constant capture cross sec-
tton, would suggest a peak n the interface-state distribution
near the conduction band even though the interface-state
density is actually smoothly varying.'* Measurement of en-
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ergy-dependent cross sections is discussed in Sec. 111 D.

From Eq. {14), the requirement that N vary linearly over
the interval 4E, at E,, dictates that the ratio of the delay
times be kept small. On the other hand, the DLTS signal-to-
noise ratio improves with increasing values of 1,/¢,. A practi-
cal trade off between sensitivity and energy resolution is to
set 1, = 2t,. Application of the above analysis 1s ilustrated in
Sec. 111 D.

2. Transient-current spectroscopy

The key analytical results for transient-current spectro-
scopy can be summarized in the nomenclature introduced
above for comparison with CC-DLTS. For electron emis-
sion from interface states with a fixed depletion bias, the
current density at time 7 after a charging pulse is''

Jir)=[IC, - C,,//C,] fq-\'.\ib' e, expl - e, ) dE. (17)

The function e, expl — ¢,t} is sharply peaked at the emis-
sion rate ¢, — 1/1. If the interface-state density varies linearly
over the width of this peak the current transient is

Jit) = [(C, - Cu/C, 1gNNE L SE /1, i18)

where the effective energy interval AE, - kT for an energy-
independent capture cross section. The mean energy £,
may be obtained from (£, — E)/ikT') = 0.577, and the
proportionality constant for the mean emission rate is 8,
=(e;, 1) = 0.561. The peak energy £ and the mean energy
E,, are related to the peak and mean emission rates, ¢, and
e, respectively, by Eq. (8).

As originally proposed, transient-current spectroscopy
involves recording the emission current over time at fixed
temperature and computing the interface-state density from
Eq. (18), which reveals that the product 7 ~ J is directly pro-
portional to N,,.'' The energy of the emitting centers at time
tis

E, =kTInio,v,N-t/B) (19)
An expression similar to Eq. {18) can be derived for isother-
mal measurements under constant-capacitance conditions.
From Egs. (3), {4), and (7), the time derivative of the gate
voltage is related to the interface-state density as follows:

dVy/dt = (4 /C N (E ' )AE" /1. (20)

From Eq. (19) it follows that the isothermal transient re-
sponse, whether a current or gate-voltage transient, must be
monitored over many decades of time in order to acccess a
reasonably wide energy interval in the semiconductor band-
gap. Alternatively, transient-current spectroscopy can be
performed 4s a DLTS measurement by selecting a specific
delay time ¢, in Eqs. (18) and (19) and ramping the tempera-
ture as described in previous sections. In transient-current
DLTS only a single delay time is required to define an emis-
sion rate window. This is a consequence of the current being
proportional to the rate of change of charge in interface
states. In CC-DLTS the gate voltage senses the net charge in
interface states, and therefore two delay times are required
to establish a rate window.

O. Fermi-level probe
For the case of majority-carrier emission after complete
trap filling, the energy of the interface states responsible for
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the DLTS signal must be extracted from the emission rate
with Eq. (8). With the assumption that the capture cross
section is independent of energy, the interface-state density
{versus temperature) is directly obtained from a CC-DLTS
spectrum with Eqs. (13) and {14). However, the capture cross
section is required to establish the energy scale from Eq. (8),
and for characterization of dynamic properties the measure-
ment must yield the capture cross section as well as the inter-
face-state density (versus energy). With defects in crystalline
semiconductors, a discrete energy level gives rise to a narrow
emission peak in a DLTS spectra which yields the activation
energy and capture cross section from an Arrhenius analysis
of the emission rate.” This approach has also been applied to
interface states with the analysis of the previous sec-
tion.'*'*!%" However, since the interface-state density is
generally smoothly varying, the emission spectrum is essen-
tially featureless, which contributes to imprecise determina-
tion of the emission rate at a given (relative) energy and,
hence, results 1n large uncertainties. Alternative methods
have been developed for determining the energy of emitting
centers independently of the emission rate, which thereby
permit evaluation of interface-state distributions with cap-
ture cross sections that vary with energy. The basic idea is to
use the Fermi level at the interface as a probe for controlling
the occupancy of interface traps at known energies. The idea
has been implemented by using the amplitude of the charg-
ing pulse to position the Fermi level at the interface'**" and
by selecting the depletion bias to control trap occupancy.”’
The additional information is used to independently obtain
the interface-state distribution and capture cross section.
The measurement is illustrated here with the energy-resolved
DLTS technique."

With energy-resolved DLTS, the energy of the traps con-
tributing to the DLTS signal is determined independently of
the emission rate by using the amplitude of the charging
pulse to selectively populate the interface traps. With refer-
ence to Fig. 2, the algebraic sum of the depletion bias and the
voltage pulse gives the gate voltage during a charging pulse.
For given MIS device and materials parameters, the semi-
conductor surface potential can be computed from the high-
frequency capacitance, measured at a given gate voltage, and
used to locate the iniersection of the Fermi energy with the
semiconductor interface.® Interface states situated below the
Fermi leve! are occupied by electrons and thos- above are
empty, the transition occuring over an energyv range of
~ 2k T at the Fermi level. Thus, at a fixed temperature, as the
pulse amplitude is varied from zero to some maximum valuc
which drives the capacitor into strong accumulation (see
Fig. 3), the DLTS signal increases from zero to a saturated
value as the Fermi level, during trap filling, passes through
that portion of the interface-state distribution which is re-
sponsible for the DLTS signal.

The full advantage of the technique is realized by using
two adjacent charging pulses of slightly different amplitudes
to define a narrow energy interval at the interface in the
semiconductor band gap for profiling the interface-state dis-
tribution. The gate-voltage waveform is schematically illus-
trated for an n-type semiconductor in Fig. 6. Voltage pulses
are periodically applied to drive the MIS capacitor from de-
pletion toward accumulation. For both pulse amplitudes,
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the pulse widths are identical and sufficiently long for the
capacitor to reach equilibrium during a charging pulse. The
same pair of delay times is used after each pulse to provide a
common rate window ¢,,. Since at equilibrium the majority-
carrier capture and emission rates are equal, it follows that
the pulse width must be greater than the emission time con-
stant, 1/e,, to insure equilibrium under given measurement
conditions. Separate DLTS signals are recorded for each
pulse and subtracted to form a ner trap-emission signal
AV

The use of voltage-pulse pairs is the experimental basis of
the double-correlation DLTS technique used to measure
spatial profiles of discrete deep levels in bulk semiconduc-
tors.”>** Here, the technique is used to measure the energy
profile of a continuous inte -face-trap distribution. With ref-
erence to the measurement system in Fig. 2, the double-cor-
relation technique is implemented by using a dual-pulse gen-
erator to apply pairs of voltage pulses; separate signal
integrators are used to record the DLTS signal for each pulse
in the pair, and a differential amplifier provides the net emis-
sion signal. The supplemental C-V data required for energy-
resolved DLTS are readily obtained by using a high-frequen-
cy capacitance meter to measure device capacitance as a
function of gate voltage at the DLTS-measurement tempera-
ture; the results are used to compute the semiconductor sur-
face potential from which is obtained the Fermi energy at the
semiconductor-insulator interface.®

The energy-resolved DLTS technique is further illustrat-
ed in Fig. 7 with an energy-band diagram for the semicon-
ductor-insulator interface in an MIS device which is biased
in depletion. The energies F,, and F,, are the Fermi levels
corresponding to the gate voltages V,, and V,,, respectively,
in Fig. 6. These energies are determined from supplemental
C-V measurements and are the levels to which the interface
states are populated with electrons during the two different
voltage pulses. The mean Fermi level may be defined as fol-
lows: (F,)=(F,, + F,}/2, and the energy separation
between the Fermilevelsis 4F, =|F,, — F,, |. The net emis-
sion signa. is sensitive only to interface states located in
between F,, and F,: there is no contribution from states
above F,, since they are not populated, and the contribution
from states below F,, is cancelled in forming the net emis-
sion signal. The signal is a maximum when the interval
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bounded by F,, and F,, overlaps that interval of the trap
distribution in which e, = ¢,,. The energy selectivity of the
energy-resolved DLTS technique is achieved with small val-
ues for AF,; at maximum signal (F,) = E, in the limit as
AF,—0; for a broad Fermi-Dirac difference distribution
{i.e., with F, and F,, widely spaced) (F,) approaches E,, at
maximum signal. As discussed in Sec. I1I C 1 the difference
between E, and E,, is generally less than kT and can be
neglected.

Energy-resolved DLTS is analytically formulated as fol-
lows: For electron emission from a continuous distribution
of interface traps, the net emission signal under constant-
capacitance conditions is

AVge =14 /C) j " GN.IE)

X [expl — e,,) = exp( — e, ) |(F, — FlE. (21
with

F,=|{1+g, exp[(F,, —EVkT}} "

Here, F, is the Fermi-Dirac distribution function for elec-
tron occupation of interface states, and £, is measured rela-
tive to the semiconductor conduction-band minimum at the
interface. As noted previously, it is necessary to assume a
value of unity for the spin degeneracy factor g,.. In the inte-
grand of Eq. (21) the difference of the Fermi-Dirac distribu-
tions yields a function which is symmetrically distributed
about the energy {(F,). For closely spaced Fermi levels (i.c.,
4AF, <30 meV) the function is sharply peaked, and N, may
be treated as a constant with magnitude N, ((F,)). Hence,
the integral is the cross-correlation function between the
trap-emission distribution, exp( — e, ?,) — exp( - ¢,¢,), and
the Fermi~Dirac difference distribution, with the Fermi lev-
el (e.g., F,, with 4F, fixed) serving as the scanning param-
eter. These two distributions are shown in Fig. 8 for hypo-
thetical interface-trap parameters and experimental
conditions. On the left is the trap-emission distribution for
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traps emitting electrons in the rate window ¢,. On the right is
the Fermi-Dirac difference distribution for the specific case
of (F,) =0.40eVand 3F, = 20meV. From Eq. (21) the net
emission signal is proportional to the integral of the product
of the above two distributions, that is, to the cross-correla-
tion function of the two distributions. The difference distri-
bution is translated in energy, at a fixed temperature, by
varying the pulse amplitudes. Then, the cross-correlation
function is a maximum when ¢,((F,)) = ¢,. From this the
capture cross section o, {(F,)) can be computed with Eq. (8).
Performing the measuremer . over a range of fixed tempera-
tures or with different values of ¢, yields o, at different ener-
gies.

The analyses of this and the previous section will be illus-
trated with a measurement of electron traps at the Si-$10,
interface. The MOS capacitor consisted of an n-type silicon
substrate with a 115-nm, thermally grown oxide layer and an
aluminum gate electrode. In Fig. 9(a) the mean Fermi energy
(F,) for maximum 4V . is shown for several measurement
temperatures. The electron capture cross section was com-
puted for each measurement temperature from Eq. (8) and is
plotted in Fig. 9(b). The large error bars reflect the exponen-
tial dependence of o, on E in Eq. (8). Within the experimen-
tal uncertainty, o, is a constant. In cases where o, is found
to vary significantly, measurements over a range of emission
rate windows e, at each temperature would be used to deter-
mine temperature versus energy dependences.

With o, aknown constant, the single CC-DLTS emission
spectrum shown in Fig. 10, obtained with the saturating
pulse technique, can be directly analyzed with Egs. (8}, (13),
and (14) to obtain NV, (E ). Equation (8) is used to convert the
temperature scale of the emission spectrum to an energy
scale in the semiconductor bandgap, and Eqgs. (13) and (14)
yield the interface-state density. The resulting distribution 1s
also shown in Fig. 10; the interface-state density increases
monotonically with energy from midgap toward the silicon
conduction band. The dashed line segment in the interface-
state distribution is explained in the next section.
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E. Surface generation

The analysis developed in Sec. 111 Cis applicable when the
CC-DLTS signal 1s dominated by majority-carrier emission.
However, near the semiconductor midgap, minority-carrier
emission from interface states becomes a competitive pro-
cess, and a complete analysis of the entire recovery to equi-
librium, after trap filling. must include emission and capture
of both charge carniers. With the onset of significant minor-
ity-carner emission from interface states, surface generation
contributes to the DLTS signal in MIS capacitors. This is a
consequence of surface generation contributing to the
change in interface charge with ume through the emission of
majority carriers and the inability of emitted minority carri-
ers to escape from the interface.

The effect of surface generation is illustrated in Fig. 11
with CC-DLTS spectra obtained from two differently pro-
cessed MOS capacitors on p-type silicon. Each spectrum dis-
plays a prominent peak above room temperature, which cor-
responds to emission from energies near midgap. The
interface-state densities for these devices, as measured by the
quasistatic capacitance-voltage technique, are essentially
constant over the midgap region.' Furthermore, the position
and shape of these peaks strongly depend on the depletion
bias during the CC-DLTS measurement. The appearance of
such peaks and their dependence on experimental conditions
is to be expected from the participation of minority carriers
in the transient response.

A simplified formulation demonstrates how minority-car-
rier effects can cause the high-temperature peaks in Fig. 11,
The primary mechanism is surface generation, although
capture and emission of both charge carriers are required to
describe the entire relaxation to equilibrium. With the inclu-
sion of emission and capture of electrons and holes in an n-
type semiconductor, the energy interval in Eq. (13) can be
formally expressed as follows:

AE, = J'[(e,, +c,)/e; ]

X [expl —e,,} — expl — e, ;) |dE, (22)
where e, (e,) and c, (c,) are the rate coefficients for emission
and capture, respectively, of majority (minority) carriers and
ey =e, + €, + ¢, + c,. The capture and emission rate coef-

ficients for electrons are defined in Eqs. (6) and (8), respec-
tively. The corresponding rate coefficients for holes are

e, =0,U0, N, exp[ — (E; — EV/KT ] (23)
and
€, =0,U,p,, (24)

where g, is the capture cross section for holes, v, is the mean
thermal velocity for holes, N, is the effective density of
states in the semiconductor valence band, E,; is the width of
the semiconductor bandgap, and p, is the free hole concen-
tration at the semiconductor-insulator interface. In Eq. (22)
the integration is over the semiconductor bandgap. The for-
mulation focuses on the effect of surface generation and spe-
cifically neglects the time dependence of p, in Eq. (24).

In Fig. 12 is shown the computed variation of ¢; with
energy in silicon near midgap for selected temperatures.

J. Vac. 8ci. Technol., Vol. 21, No. 2, July/Aug. 1982

20— T .

- MOS Capacitor
(100), p-type S
1030\ S0, {dry)

15
>
£ Delay Times 1, t, 5. 10 msec
)
>
= 10+ As-Oxidized *
[
<
7}
o
-
-
Q

\

\

> o A
80 100 150 200 250 300 350
T(K}

H, /N, Anneat
(450 C. 60 mn)

Fi. 11 CC-DLTS spectra for a sthcon MOS capacitor as-oxidized and
after a low-temperature anneal

Superimposed on this family of curves is a representative
emission rate window e¢,. The intersections of the rate win-
dow with a given curve determine the energy interval over
which interface traps contribute to the DLTS signal. At low
temperatures (e.g., 225 K) the signal is dominated by ¢, and
the energy interval is AE,. As the temperature increases,
minority carriers begin to contribute significantly (e.g., at
295 K) and the energy interval increases beyond 4E,, . With
further increase in temperature the energy interval rapidly
decreases to zero (e.g., at 340 K as e, becomes greater than
e, at all energies. The dependence on experimental condi-
tions {i.e., the gate voltage in depletion) results from the de-
pletion-bias-determined intersection of the Fermi level with
the interface which specifies the equilibrium occupation of
the interface states; states below the Fermi level do not

[
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change occupancy during the transient response and there-
fore cannot contribute to the DLTS signal.

The effect of surface generation is further illustrated in
Fig. 13 which shows the dependence of AE;, on temperature
as predicted by Eq. (22), for representative values of the cap-
ture cross sections and with the assignment of equilibrium
values for the capture coefficients which correspond to the
Fermi level intersecting the interface at midgap. At low tem-
peratures, dE, = 4L, . However, at high temperatures
AF; sharply departs from the linear temperature depen-
dence of majority-carrier emission. From Eq. {13) it follows
that such structure in 4 £ can produce an apparent emis-
sion peak in a DLTS spectrum (as in Fig. 11) and a corre-
sponding artifactual peak in the interface-state distribution.
Thus, interface-state distributions computed with the major-
ity-carrier analysis are generally not accurate near the semi-
conductor midgap; this is the signficance of the dashed line
segment in the interface-state distribution in Fig. 10. On the
other hand, the model presented here can be applied to esti-
mate the cross section of interface states for capturing mi-
nority carriers in MIS capacitors.

V. DISCUSSION AND CONCLUSIONS

In the limit of low interface-state densities, either the tran-
sient-capacitance or the constant-capacitance mode (or cur-
rent-transient DLTS) can be used for accurate measurement.
A practical maximum sensitivity for either mode can be esti-
mated from the generally observed capability of DLTS spec-
trometers for detecting deep levels in bulk semiconductors.
It is commonly found that the minimum deep level density is
~ 10~ 4 of the shallow dopant concentration. Applied to an
MIS device, this is approximately the ratio of the interface-
charge density and the semiconductor space-charge density.
The latter can be computed from Eq. (A4) for given device
parameters and gate voltage. For example, a silicon MOS
capacitor, with a 100-nm oxide and a dopant concentration
of 1x10" cm *, has a silicon space-charge density of
~7x10"cm ?at room temperature with the Fermi level at
the interface situated near midgap. From Egs. (13) and (14),
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withr,/1, = 2, the above sensitivity factor yields a minimum
detectable interface-state density of ~4 10" eV ' ¢m

Features of the different modes of measurement can be
compared as the interface-state density increases. The re-
strictive upper limit on trap density for the applicability of
the transient-capacitance mode as expressed by Eq. (A7) 1s
well satisfied only with state-of-the-art thermally grown ox-
ides on single-crystal silicon. As discussed in the appendix,
calculating the interface-state density from transient-capaci-
tance data requires both the doping concentration and the
high-frequency capacitance for a given depletion bias. Since
the high-frequency capacitance at a fixed gate bias changes
with temperature and at high trap densities varies by a sig-
nificant fraction of the equilibrium value during the tran-
sient response (sce Appendix), the prefactor relating the in-
terface-state density to the DLTS signal, Eqs. ({A6) and (A8),
also changes with time and temperature which, if not acc-
counted for, will yield erroneous interface-state distribu-
tions. Transient-current DLTS is not limited to low inter-
face-state densities but the proportionality factor in Eq. (18)
does contain the high-frequency capacitance. From Eq. (13}
in the constant-capacitance mode the proportionality factor
depends only on the insulator capacitance per unit area.

he use of the Fermi level to control interface-trap occu-
pancy is a unique property of the MIS structure, which re-
sults from the dependence of the semiconductor surface po-
tential on gate bias. A feature of the Fermi-level probe in
DLTS measurements, as compared to the conventional Arr-
henius analysis, is the use of the Fermi energy to identify the
free energy for thermal emission and to compute the capture
cross section. An Arrhenius analysis of the emission rate
yields the activation energy for thermal emission, whichisan
enthalpy, and only the product of the capture cross section
and a factor dependent on the change in entropy accompa-
nying charge emission.”*** However, one key feature of ma-
Jority-carrier emission after complete trap filling is not re-
tained with the Fermi-level probe. In the former case, the
DLTS emission signal is not directly affected by fluctuations
in the semiconductor surface potential since all interface
traps are populated during the voltage pulse and the tran-
sient response depends only on the emission rate. Eq. (8). In
MOS devices consisting of thermally grown SiO. on Si, such
fluctuations arise from the random spatial distribution of
fixed positive charge in the oxide and have been used to ex-
plain results from conductance measurements of interface
states.*?” With the Fermi-level probe, the occupation of de-
tected interface traps is determined by a Fermi level and
hence the DLTS signal is affected by surface-potential fluc-
tuations.'"?"** In energy-resolved DLTS this effectively
broadens the energy interval AF,, which reduces the resolu-
tion with which the energy interval of detected traps can be
measured.

The principal simplification in the analyses of Sec. 11 is
neglect of bulk deep levels in the semiconductor depletion
layer. The emission spectrum for such defects is superim-
posed on that arising from interface states. In single-crystal
semiconductors, bulk deep levels appear at discrete energies
and, therefore. introduce relatively sharp peaks compared to
the nearly structureless spectrum which usually arises from
a continuum of states. In crytalline silicon, the bulk defect
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concentration is generally negligible compared to the den-
sity of interface states; silicon MOS devices, with low inter-
face-state densities, have been used to study bulk defects
which were introduced by ion implantation.” In the energy-
resolved DLTS technique for interface-state measurement
(Sec. IIT D), the dual-pulse feature minimizes any contribu-
tion from bulk deep levels because the bulk contribution is
largely cancelled by forming the difference of two separate
DLTS signalstFigs. 6 and 7). This is exemplified by the use of
the dual-pulse technique on current recufyving devices (ie.,
Schottky-barrier and p-n junction diodes! to achieve high
spatial resolutton for defect depth profiling. " * Similarly, in
DLTS measurements on MIS devices the pulse or depletion
bras can be varied 1in order to modulate the relative contribu-
tons to the emission signal from bulk and 1nterface de-
fects.”™ ™ This relies on the total number of bulk defects
which contnibute to the signal varying with the semiconduc-
tor depletion width while the contribution from interface
states is independent of depletion width. An alternative ap-
proach can be outlined which cases the analytical complex-
ity of deconvolving superimposed bulk and interface emis-
sion spectra. An MIS capacitor hrom which a composite
spectrum has been recorded, can be reprocessed into a
Schottky-barrier diode. This device can then be used for
DLTS measurem:at of the bulk defects without interference
from interface states. In general, the analysis will entail mea-
suring the spatial profiles of the bulk deep levels and extrapo-
lating the bulk defect distributions to the interface for decon-
volving the MIS emission spectrum. The above
considerations underscore the versatility of DLTS for char-
acterizing both interface and bulk defects in semiconduc-
tors.

In conclusion, deep-level transient spectroscopy is a par-
ticularly powerful diagnostic technique for the characteriza-
tion of electronic defect levels at a semiconductor—insulator
interface. It features high sensitivity { < 1 X 10%eV "' cm™ ?),
high energy resolution {~k7'), determination of dynamic
properties {i.e., capture cross sections), and versatility (appli-
cable to both bulk and interface defect evaluation). The full
potential of DLTS for MIS interface studies is realized in the
constant-capacitance mode of measurement.
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V. APPENDIX
A. Transient-capacitance DLTS

For transient-capacitance measurements on MIS capaci-
tors, the device is biased in depletion with a fixed gate voltage
and periodically pulsed into accumulation to populate all
interface states with majority carriers. The DLTS signal
AC,, is obtained as the difference of the high-frequency de-
vice capacitance C,, measured at times f, and ¢, after the
trap-filling pulse

AC,, =C (1)} — Cyelty). (A1)
To obtain an analytical expression for AC ,,, consider an MIS
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capacitor on an a-type uniformly doped semiconductor
which possesses interface states and a nonzero metal-semi-
conductor work function difference @ o, . The device 1s oth-
erwise ideal, and the work function difference is included
because it varies with temperature and therefore can be sig-
nificant in a DLTS temperature scan. In addition, the shal-
low donors, of concentration .V, are assumed to be comple-
tely ionized over the temperature range of interest (e.g..
100 K for silicon). For a depletion bias, the high-frequency
capacitance is the series combination of the insulator capaci-
tance C, and the semiconductor depletion capacitance C,,.
The gate voltage develops a potential difference across the
insulator ¥, and a surface potential in the semiconductor ¢,
as follows:

V, =V +¢ + Py /q. (A2}

From Gauss' law, the potential difference across the insula-
tor depends on the semiconductor space charge Q@ (per unit
area) and the net charge in interface states Q. (per unit areal
as follows:

Vo= - A1Q + Q.1/C, (A3

where A4 is the gate area. The semiconductor space charge,
due to ionized dopant, is given by the following expression
accurate for depletion**:

Q. =2 kT | [qu,/(kT)] — 1}'*/igL ), (A4
where L, is the extrinsic Debye length,

L,=[2¢,kT /ig°Np)]' "
From Eqs. (A1)~(A4) and the definition of the semiconduc-

tor depletion capacitance, C,=dQ, /d¢ , the following
expression for C; in depletion is derived:

Cy/C, = {1 — [ZC,I/(A qu‘Nl))]

X[ Vi — (Pus/q) + (kT /g) +14Q, /CH]} ',
(AS)

where V, — (Pys/q) + (kT /q) +14Q, /C,) <0 for deple-
tion on an n-type semiconductor.

Separation of the interface-state charge density into equi-
librium and time-varying components permits evaluation of
the conditions under which the DLTS signal is linearly pro-
portional to the difference in interface-state charge mea-
sured at times ¢, and 1, after a trap-filling pulse. In equilibri-
um, the depletion bias fixes the Fermi level near the middle
of the semiconductor bandgap at the interface; the corre-
sponding equilibrium interface charge density will be desig-
nated Q, (). After the gate voltage is pulsed toward accu-
mulation, the nonequilibrium interface charge Q,. (1 ) relaxes
with time to Q. ( «c ). The difference between these interface-
state charge densities is 40, (1}=Q (1) - Q. (=). With
40, (t)+ @.(c) substituted for Q, ., Eq. (AS) can be ex-
panded in 4Q, with retention of terms throueh first order
and substituted into Eq. (A1) to obtain

4C, = [Cb:r/(-"qf‘.“\'nc, Q111 = @Quttal]. (A6
To neglect the higher order terms in the expansion of Eq
(A5). the following inequality must be satisfied:

|4Q,.1))1 <[ (Age, N },1/12C )]
—(C/ANV, — (Pus/q) + (kT /q) + [AQ, (2 )/C, ],
(AT)
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where the expression bracketed by | | is negative for deple-
tion on an n-type semiconductor. Finally, from the discus-
sion in Sec. III C, for a constant capture cross section the
interface-state density is related to the DLTS signal as fol-
lows:

ACy = fgN (E KT In(t./1)),

where f- is the proportionality factor in Eq. (A6).

Equation (A8) has been used to analyze interface states in
transient-capacitance DLTS measurements.'™'*'* How-
ever, the derivation presented here permits an evaluation of
the limits of applicability of the transient-capacitance mode.
Specifically, Eq. (A7) must be satisfied.*” To estimate the
right-hand side of the inequality, consider the representative
case of a silicon MOS capacitor biased in depletion with a
100-nm oxide layerand ¥, = 1 10" cm ~ *. Equation (A7)
then requires that 1Q,. {1,)/q€1 < 10" ¢cm . Since AQ, (¢,)
represents the change in interface charge due to trap cmis-
sion in essentially the upper half of the bandgap, Eq. (A7)
requires that the arerage interface-state density be much less
than ~2x 10" eV 'cm - Interfaces with defect densities
substantially less than this (e.g.. <5.<10"eV" 'cm 7) are
readily achieved only with state-of-the-art thermally grown
oxides on crystalline silicon.

From Egs. (A6) and (A8) it follows that calculation of the
interface-state density from transient-capacitance data re-
quires the doping concentration and the high-frequency ca-
pacitance for the depletion bias. Provided that Eq. (A7) is
well satisfied, the proportionality factor /. is essentially con-
stant at a given temperature. However, from Eq. (A5) f is
implicitly temperature dependent. This is evident from the
observation that the C,; — ¥; characteristic of an MIS de-
vice shifts with temperature (see for example Refs. 31 and
32). This shift is essentially parallel to the voltage axis and
results in the high-frequency capacitance, and therefore /-,
at a fixed depletion bias changing with temperature. With
the transient-capacitance mode of measurement, this vari-
ation can be incorporated in the data analysis with a supple-
mental measurement of the temperature dependence of
C (V). Alternatively, ¥, can be adjusted to maintain a
constant equilibrium value of C,, as the temperature is
scanned torecord AC ,¢(T').* This latter approachis automa-
tically implemented with constant-capacitance DLTS.

(A8)
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